21 Background: A defining pathological hallmark of the progressive neurodegenerative 22 disorder Alzheimer's disease (AD) is the accumulation of misfolded tau with abnormal 23 post-translational modifications (PTMs). These include phosphorylation at Threonine 231 24 (T231) and acetylation at Lysine 274 (K274) and at Lysine 281 (K281). Although tau is 25 recognized to play a central role in pathogenesis of AD, the precise mechanisms by which 26 these abnormal PTMs contribute to the neural toxicity of tau is unclear.
In all cases, HDR would be predicted to disrupt the PAM, but leave the coding sequence 152 potential outside of the desired amino acid substitution intact. Repair at T231 also 153 disrupted a BtsaI site, while repair at K274/281 created a new PvuII site. These 154 modifications could be detected via restriction analysis of genomic PCR products and 155 were used to screen dpy-10 co-CRISPR mutants for edits with primers: 156 Tau geno-F1, 5'-AAAGACACCACCCAGCTCTG-3' genotyping was used to confirm homozygosity with primers specific to the ttTi5605 loci, 174 Nematodes were maintained at 20 0 C on Nematode Growth Media (NGM) plates made 175 with Bacto Agar (BD Biosciences). The plates were seeded with live E. coli OP50-1 176 bacterial strain (cultured overnight at 37 o C at 220 rpm) and allowed to grow overnight, as 177 previously described (45) . For experimental assays, after synchronization by standard 178 procedure with sodium hypochlorite, 4 th larval stage (L4) hermaphrodites (characterized 179 by the appearance of a "Christmas tree vulva") were selected and moved to test plates. 180 The day after moving was considered adult day 1, and animals were assayed on day 3 181 and day 10. Animals were transferred daily to avoid mixed population until they stop laying 182 eggs.
Blinding of experiments and replicates 184
Insofar as possible, experimentalists were blinded to genotype. Data in the figures 185 generally represents the pooled results of three experimental replicates with either two 186 technical replicates per condition or two independent researchers blindly analyzing the 187 data, with the total number of animals or neurons scored reported as N, as indicated.
188

Locomotory Rate Assay
189
Assay plates were prepared using standard procedures (46). Synchronized day 3 and 190 day 10 adult animals were assayed for the actual experiment. For well-fed animals, 191 locomotory rate was measured by removing 5 animals from original plate and transferring 192 them to an assay plate. Five minutes after transfer, the number of body bends in 20 secs 193 intervals was sequentially counted for each of the 5 animals on the assay plate and then 194 repeated the same thing for next set of animals in a different assay plate.
195
Thrashing Assay
196
A drop of 2% agarose (ultraPURE® agarose) was poured over the glass slide and allowed 197 to dry and then 20μl of M9 was poured on it. Age-synchronized animals were picked to 198 that drop of M9 buffer. After 2 min in M9, thrashing rates were assessed via videography 199 on a stereo dissecting scope. A single thrash was defined as a complete change in the 200 direction of the body down the midline. Animals that were motionless for 10 secs were 201 discarded from the analysis (47).
202
Touch sensitivity assay 203 The behavioral response to being touched by an eyelash was adapted from an assay 204 previously described (48, 49) . The animals were touched anteriorly specifically behind the 205 terminal bulb of the pharynx with the eyelash, 10 times per animal, with a 10 sec gap 206 between each touch. Typically, if the animal demonstrates an omega turn or if it reversed 207 its direction after an anterior touch, the animal was scored as giving positive response.
208
Touch response percentage was generated by the amount of times an animal responded 209 to the touch stimulus over the total number of times they were touched.
210
Life span analysis 211 After alkaline hypochlorite treatment, synchronized L1 animals were placed on freshly 212 grown OP50-1 seeded NGM plates. 15 animals from the 4 th larval stage (L4) were 213 transferred to a small (35mm) individual seeded NGM plate with a total 3 plates for each 214 genotype. Each day they were transferred to new plates to avoid mixing of populations 215 until they stopped producing offspring. Simultaneously the worms were counted alive 216 visually or with gentle prodding on the head. Animals were censored in the event of 217 internal hatching of larva, body rupture or crawling off the plate. The experiment was 218 conducted at 20°C temperature and scored until all the worms died (50).
219
Mitochondrial stress assays 220 For paraquat (PQT) mild stress assays, synchronized 2-day old adult and 9-day old adult 221 hermaphrodites were exposed to 8 mM PQT (51, 52) in NGM plate for overnight at 20 o C.
222
Animals were picked from the respective (treated and control) plates the next day and 223 imaged, as described below.
224
Neurodegeneration assay 225 For imaging, animals were mounted by placing them in 3% agarose pads on glass slides 226 and immobilized with 1 mM tetramisole hydrochloride (Sigma). Imaging was performed 227 using Confocal Laser Scanning Confocal microscope (Olympus 1X61) and FV10-ASW 
277
RESULTS
278
Single-copy tau mutants that mimic AD-associated PTMs impact behavior 279 Tau expression via conventional extrachromosomal transgenic arrays in C. elegans has 280 been shown to severely impact neuronal morphology and function (30). Here, in an 281 attempt to circumvent potential caveats related to overexpression, novel transgenic AD 282 models were engineered using single-copy Mos-transposon mediated insertion of a tau 283 expression cassette into the worm genome (36, 42) . The mec-7 promoter was used to 284 drive the expression of 0N4R tau (59, 60) as a translational fusion with the fluorescent 285 protein Dendra2 (40) in mechanosensory touch neurons ALML/ALMR, AVM, PLML/PLMR, and PVM ( Fig. 1E-H) , which mediate the behavioral response to light touch.
287
The 0N4R fusion to Dendra2 will be referred to hereafter as TauT4. Dendra2 was also 288 expressed alone ( Fig. 1A-D) , and these negative control strains responded to light touch 289 similarly to the wild-type N2 strain at both day 3 and day 10 of adulthood (Fig. S1 ).
290 Surprisingly, TauT4 worms exhibited normal touch responsiveness as both young day 3 291 post-reproductive adults (Fig. 2B ) and older day 10 adults (Fig. 2C) . In order to address 292 the effect of tau PTMs, CRISPR-Cas9 gene editing (43, 44) was used to introduce 293 phosphomimetic T231E, phosphoablation T231A, and acetylmimetic K274/281Q 294 mutations into the TauT4 ORF ( Fig. 2A ). For simplicity, these mutants will be referred to 295 as T231E, T231A and K274/281Q. Our results clearly demonstrate that T231E exhibited 296 subtle but significant defects in touch responsiveness at both day 3 and day 10, while 297 K274/281Q was different from the Dendra2 control only at day 10 ( Fig. 2B,C) . However, 298 between day 3 and day 10, the touch sensitive phenotype of K274/281Q worsened 299 significantly (p = 0.01). This may indicate either a ceiling effect of T231E or a sensitized 300 K274/281Q progression with age. In contrast, T231A was indistinguishable from TauT4.
301
The differences between the disease-associated mutants and TauT4 represents a novel 302 observation and a first-in-kind platform for studying the effect of pathologic tau 303 modifications in the absence of baseline defects. Finally, since survival plots of the 304 various strains used in this work were statistically indistinguishable, we were able to rule 305 out any phenotypic age-dependence being due to a change in lifespan (Fig. S2E, F) . 306 We also evaluated several other stereotypical behavioral measures that have been 307 shown to be influenced by age but do not involve touch cell neurons, including thrashing 308 in liquid (Fig. S2A, B ) and basal locomotion on solid media (Fig. S2C, D) . Taken together, 309 these data suggest that the effect of pathological, AD-relevant tau expression in touch 310 sensory neurons is restricted to the behavioral response to light touch. 311 T231E and K274/281Q mutants cause age-dependent abnormalities in neurite 312 morphology 313 Normally, touch neurons are organized into precise anterior and posterior receptive fields, 314 defined by the physical architecture of sensory neurites from ALM(L/R) and PLM(L/R); 315 these neurites extend along the anterior or posterior half of the body, respectively, but do 316 not overlap (54). Aging phenotypes in touch receptor neurons include a low incidence of 317 morphologic defects, such as increased neurite overlap due to an overextension defect 318 (55). We investigated whether single-copy expression of Dendra2, TauT4 or the PTM 319 mutants exacerbated these defects. A transgene consisting of an integrated Pmec-320 4::mCherry expression cassette was used to visualize the touch neurons using confocal 321 microscopy ( Fig. 3A-F ). We found that T231E strongly and significantly increased the 322 incidence of overextension from ~4% to ~40% by day 3 of adulthood ( Fig. 3G ). However, 323 the TauT4 and K274/281Q mutants were not significantly different from Dendra2 controls 324 in day 3 adults (Fig. 3G) .
325
In addition to overextension defect, other neuritic abnormalities develop with age, such 326 as branching, guidance defects, beading, and breakage ( Fig. 3C-F) . While none of the 327 strains were significantly different in terms of these defects at day 3 (data not shown), 328 both T231E and K274/281Q exhibited an increased incidence of overextension, guidance, and gap defects at day 10, but were not different with respect to branching or 330 beading compared to the Dendra2, TauT4 or T231A mutant strains ( Fig. 3H-K) . It was 331 intriguing that age exacerbated the overlap defect in K274/281Q (p = 0.05, between day 332 3 and day 10), which mirrored its effect on touch sensitivity, but that T231E had reached 333 its maximum penetrance by day 3 of adulthood. These results suggested to us that this 334 model is appropriate to detect subtle differences in pathology and "disease" progression 335 as a function of specific tau PTMs. can be used as a dual excitation ratiometric mitophagy reporter, as we expand upon 346 below ( Fig. 5 and 6) . However, here we used single wavelength excitation-emission 347 imaging of mito-mKeima in the appropriate channel to visualize mitochondrial structure, 348 such as shown in Fig. 4 . Under these image acquisition conditions, mitochondria are 349 visible, but mitochondria that have been engulfed by acidic vesicles are not (for 350 convenience, heretofore we will refer to these structures as "mitolysosomes"). Based upon these images, mitochondria were categorized into four levels, from normal tubular-352 reticular morphology through increasing degrees of fragmentation (Fig. 4A-D and   353 Methods). Neuronal mitochondria from day 3 adult animals had generally tubular-reticular 354 morphology, and their distribution was independent of tau genotype (data not shown).
355
However, by day 10 of adulthood, all of the strains contained some fragmented 356 mitochondria, consistent with age-associated remodeling, but it was clear that T231E and 357 K274/281Q were significantly more fragmented than Dendra2, TauT4 or T231A (Fig. 4E ).
358
Pathologic tau modifications suppress stress-induced mitophagy 359 Next, we employed mito-mKeima in dual excitation mode in order to assess organelle 360 turnover. Throughout a neuron's lifetime, aged and damaged mitochondria undergo 361 dynamic recycling and elimination (64). Mitophagy is a type of cargo-selective autophagy 362 where defective mitochondria are engulfed by autophagosomes and subsequently 363 degraded by fusion with lysosomes ( Fig. S3) (65) . This process of mitochondrial quality 364 control (MQC) can be impaired during aging and has been associated with major 365 neurodegenerative disorders including AD (66, 67). Mito-mKeima has a unique spectral 366 characteristic whereby at neutral pH or above, such as occurs in the mitochondrial matrix, 367 excitation at 440-nm results in emission at 600-nm+, but at acidic pH, such as occurs in 368 the lysosome, the excitation maxima shifts to 550-nm (akin to a conventional red 369 fluorescent protein). Mito-mKeima is also resistant to degradation by lysosomal 370 proteases. These characteristics allows a mitophagy index to be calculated using dual 371 excitation ratio imaging that reflects the relative amount of mitochondria that have 372 undergone engulfment and fusion with acidic vesicles. In addition, because these mitolysosomes are spectrally and morphologically distinct (Fig. 5 ), we can also assess 374 their absolute abundance and size.
375
In PLM neurons, pathologic tau modifications T231E and K274/281Q had little effect on 376 baseline mitophagy, but decreased the number of mitolysosomes in young adults (Fig.   377 5). We also note an apparent increase in the mitophagy index and reduction in the number 378 of mitolysosomes with age that reached significance in Dendra2, TauT4, and T231A, but 379 not in T231E and K274/281Q (Fig. 5G, H, I, J) .
380
Next, we sought to evaluate the impact of oxidative stress on neuronal mitophagy. These 381 studies are particularly significant, as chronic mitochondrial stress is likely to be a factor 382 in neurodegenerative diseases including AD (68). To induce mitophagy, Dendra 2, TauT4 383 and PTM mutant strains expressing mito-mKeima in touch cells were treated with 8 mM 384 mitochondrial complex I inhibitor paraquat (PQT) overnight (Fig. S4 ). PQT has been used 385 extensively in worms, including for this purpose (51, 52) . The next day, mitophagy was 386 assessed through dual-excitation ratio imaging. Unsurprisingly, PQT treatment increased 387 mitophagy in Dendra2 at both day 3 and day 10 of adulthood ( Fig. 6A, B , E, F). As found 388 for previous measures, TauT4 and T231A were indistinguishable from Dendra2 (Fig. 6E , 389 F). However, PQT-induced mitophagy was abolished in T231E and K274/281Q at both 390 day 3 and day 10 (compare Fig. 6B and D as well as 6E, F). We conclude that site-specific 391 phosphorylation and/or acetylation of tau, in addition to being a mitocentric stress in-and-392 of itself, has the ability to reduce normal mitochondrial responses to subsequent stress, 393 which could impact mitochondrial function and neuronal health during aging.
394
DISCUSSION
395
A characteristic hallmark of the AD brain is the presence of tau with PTMs defined as 396 pathological, that likely contribute to the onset and progression of the disease.
397
Phosphorylation of tau at specific epitopes is widely appreciated to contribute to AD (6, 398 8), with acetylation of tau at specific sites also shown to contribute to the evolution of tau 399 pathology (18, 19) . While it has now become evident that the insoluble accumulations of 400 tau in the AD are likely not the primary toxic species (5) (6) (7) 69) , the specific mechanisms 401 by which monomers or soluble oligomers of tau with AD-relevant PTMs cause neuronal 402 dysfunction have not been full delineated. This is due in part to the fact that the majority 403 of studies have used models in which tau is overexpressed, which can result in outcomes 404 that may not be directly relevant to AD pathogenesis. To avoid this potential confounding 405 factor, we generated C. elegans strains containing single-copy expression cassettes 406 coding for tau and tau with AD-associated PTMs. These transgenic animals allowed us 407 to make several key discoveries, which provide important insights into the mechanisms 408 by which tau with AD-relevant PTMs when expressed at physiological levels may impair 409 neuron function.
410
Although 0N4R human brain tau isoform contains almost 70 potential phosphorylation 411 sites that span the entire molecule (4), only select residues are phosphorylated 412 physiologically and/or pathologically. One key disease-relevant site is T231 that shows 413 increased phosphorylation early in the evolution of AD tau pathology and greater levels 414 in "pre-tangle" neurons (8). Phosphorylation of T231 results in a decrease in microtubule 415 association (70) , likely due to the conformational shift and decreased tubulin binding that was observed with a pseudophosphorylated tau construct (10). A S235/T231E tau 417 construct also showed mislocalization in mature neurons (71). Intriguingly, we observed 418 that at day 3 worms expressing T231E showed subtle but significant defects in touch 419 sensitivity and neurite morphology, while those expressing the acetylation mimic 420 K274/281Q did not. However, by day 10 significant deficits in touch sensitivity and neurite 421 morphology were observed in both T231E and K274/281Q. Thus functional decline of the 422 touch neurons due to tau modifications is highly correlated with altered neuron 423 morphology providing hints towards commonalities with the aging mammalian brain and 424 suggesting conserved mechanisms can be operative in neuronal decline across phyla 425 (72). Overall these data may suggest that phosphorylation at T231 is an early initiator of 426 tau dysfunction in AD. These findings also correlate with the fact that increases in 427 phosphorylation at T231 precede increased acetylation at K274/281 in the evolution of 428 AD tau pathology (4, 73).
429
Mitochondria are crucial metabolic hubs dictating cell fate decisions, and mitochondrial 430 dysfunction likely plays a critical role in the pathogenesis of AD (23, 24, 72) . Mitochondria 431 possess dedicated MQC mechanisms to ensure their fidelity (65). Abnormalities in MQC 432 pathways noted to occur in AD (64) may arise in part through the action of tau species 433 with aberrant PTMs (74). Mitophagy, which is a form of selective autophagy that delivers 434 dysfunctional mitochondria to lysosomes for recycling, is a key player in MQC. C. elegans 435 have been widely used to study neuronal function, aging, and MQC mechanisms, as well 436 as to model proteotoxic neurodegenerative disorders (75). Therefore, we next examined 437 the impact of T231E and K274/281Q on mitochondrial biology. In contrast to the deficits 438 in touch sensitivity and neuronal morphology observed at day 3, neither T231E nor 
